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Retinal Axon Response to Ephrin-As
Shows a Graded, Concentration-Dependent
Transition from Growth Promotion to Inhibition
as labels. These ligands are expressed in low anterior
to high posterior gradients across the tectum/SC, while
their EphA receptors are expressed in retinal ganglion
cells (RGCs) in a corresponding high temporal to low
nasal gradient (Cheng et al., 1995; Drescher et al., 1995;
Michael J. Hansen,1 Gerard E. Dallal,2
and John G. Flanagan1,*
1Department of Cell Biology and
Program in Neuroscience
Harvard Medical School
Zhang et al., 1996; Monschau et al., 1997; Feldheim etBoston, Massachusetts 02115
al., 1998, 2000). When tested in vitro by the stripe assay,2 Biostatistics Unit
ephrin-A2 and ephrin-A5 act as retinal axon repellants,USDA Human Nutrition Research Center
with a topographically specific effect on temporal andTufts University
not nasal axons (Nakamoto et al., 1996; Monschau etBoston, Massachusetts 02111
al., 1997; Feldheim et al., 1998). In vivo, changing the
expression pattern of ephrin-As causes corresponding
changes in the map: ectopic ephrin-A2 patches areSummary
avoided by temporal axons; ectopic EphA3 expression
in a subset of neurons causes their connections to shiftEphrin-As act as retinal topographic mapping labels,
anteriorly; and topographic order is disrupted by genebut the molecular basis for two key aspects of map-
knockout of ephrin-A2, ephrin-A5, or EphA5 (Nakamotoping remains unclear. First, although mapping is be-
et al., 1996; Frise´n et al., 1998; Brown et al., 2000; Feld-lieved to require balanced opposing forces, ephrin-As
heim et al., 2000, 2004).have been reported to be retinal axon repellents, and
While ephrins appear to act as labels of the generalthe counterbalanced force has not been molecularly
type that was predicted by Sperry, key features of map-identified. Second, although graded responsiveness
ping are still not understood. First, the chemoaffinityacross the retina is required for smooth mapping, a
theory requires that to generate a continuous map theresharp discontinuity has instead been reported. Here,
must be graded responsiveness across different retinalan axon growth assay was developed to systematically
positions. However, when this was tested in the stripevary both retinal position and ephrin concentration
assay, instead of graded responsiveness a sharp dis-and test responses quantitatively. Responses varied
continuity was reported, with axons from the temporalcontinuously with retinal position, fulfilling the require-
half of the retina responsive and axons from the nasalment for smooth mapping. Ephrin-A2 inhibited growth
half unresponsive (Walter et al., 1987; Baier and Bon-at high concentrations but promoted growth at lower
hoeffer, 1992).concentrations. Moreover, the concentration produc-
Second, the molecular basis for axons to find a rangeing a transition from promotion to inhibition varied
of positions within a map remains unknown. A singletopographically with retinal position. These results
gradient, whether attractant or repellent, is not suffi-lead directly to a mapping model where position within
cient, since all axons would simply go to one end of thea concentration gradient may be specified at the neu-
target. Mapping is therefore believed to require counter-tral point between growth promotion and inhibition.
balanced forces (Prestige and Willshaw, 1975; Gierer,
1983). These counterbalanced forces could take theIntroduction
form of separate repellent and attractant molecules in
gradients; or a graded molecule with both positive andTopographic maps, where the spatial order of projecting
negative actions; or mechanisms for axon competition,
neurons is preserved in the spatial order of their connec-
perhaps involving an induced gradient (Prestige and
tions, are found throughout the nervous system. In the
Willshaw, 1975; Gierer, 1983; Brown et al., 2000; Feld-
chemoaffinity theory, Sperry hypothesized that topo- heim et al., 2000). However, the molecular basis for the
graphic map formation could be specified by comple- proposed counterbalanced forces remains unknown.
mentary labels in gradients across the projecting and Although ephrins were initially described as having
target areas (Sperry, 1963). Support for this theory has repellent or inhibitory actions, they were subsequently
come primarily from the study of the projection of retinal reported to have attractant or adhesive effects in several
axons to the optic tectum or its mammalian equivalent, biological systems, including promotion of endothelial
the superior colliculus (SC). In this system, axons from cell adhesion by ephrin-B1 (Stein et al., 1998), a transient
temporal retina map to anterior tectum, while axons growth-promoting effect of ephrin-As on hippocampal
from nasal retina map to posterior tectum. Likewise, the axons (Gao et al., 1999), and adhesion of neuroepithelial
dorsoventral axis of the retina maps along the dorsoven- cells mediated by ephrin-A5 (Holmberg et al., 2000).
tral axis of the target. Although these studies did not lead to a model to specify
A molecular basis for mapping has begun to emerge topographic position, they have shown clearly that
with the identification of ephrins and their Eph receptors ephrins can act on migration and adhesion either nega-
as topographic mapping labels. The retinotectal ante- tively or positively.
rior-posterior axis has been studied the most exten- While ephrin-As label the anterior-posterior axis,
sively, with ephrin-A2 and ephrin-A5 appearing to act ephrin-Bs and their EphB receptors have more recently
been identified as graded labels for the dorsoventral
axis. The orientation of the gradients suggested that,*Correspondence: flanagan@hms.harvard.edu
Neuron
718
in this case, the interactions should be attractant, not
repellent (Braisted et al., 1997). Consistent with this ex-
pectation, ephrin-Bs and EphBs were found to have
attractant effects on retinal axons in vitro and in vivo
(Mann et al., 2002), while gene disruption of EphB recep-
tors produced a phenotype also indicating an attractant
role (Hindges et al., 2002). However, ectopic expression
of ephrin-B1 in the tectum was more recently found to
cause avoidance by retinal axons (McLaughlin et al.,
2003). Taken together, these observations led to the
suggestion that ephrin-Bs may act through both attrac-
tant and repellent effects in dorsoventral mapping
(McLaughlin et al., 2003). However, a topographically
specific transition from attraction to repulsion has not
yet been observed for axons treated with ephrin-Bs, and
ephrin-As are still thought to specify map position by a
repellent action (Klein, 2001; Holmberg and Frise´n, 2002;
Yates et al., 2004).
Since key questions in gradient-mediated mapping
are inherently quantitative, we wanted to develop an
in vitro assay where retinal position and ephrin concen-
tration could be varied systematically, and axon re-
sponses could be measured quantitatively. Using this
assay, we find that responsiveness to ephrin-A2 and
ephrin-A5 varies continuously with retinal position, ful-
filling the prediction of graded responsiveness. We also
find that ephrin-A2 can either inhibit or promote retinal
axon growth. Soluble ephrin-A2 produced only inhibi-
tion, suggesting that the outgrowth-promoting effect is
due to receptor-ligand adhesion. A crucial aspect of
the data is that the transition from positive to negative
effects varies topographically with both retinal position
and ephrin concentration. These findings lead to a map-
ping model where ephrins act as topographic labels that
promote axon growth at low concentrations and inhibit
growth at higher concentrations.
Results
Quantitative Assay of Topographically Specific
Axon Responses
The quantitative axon outgrowth assay that was devel-
oped here is illustrated in Figure 1A. Membrane vesicles
are prepared as for the stripe assay (Walter et al., 1987;
Nakamoto et al., 1996) but are laid down as a uniform
carpet, which contains different ephrin concentrations,
or is taken from different positions of the tectum. Retinal
explants are taken from varying positions across the
nasal-temporal (N-T) axis of E16 mouse retinas and are
placed on the membrane carpets. After axons have
Figure 1. In Vitro Axon Outgrowth Assay grown out, the cultures are stained with fluorescent vital
(A) Schematic diagram of the assay. To vary ephrin concentration, dye and digitally photographed, and computer analysis
ephrin DNA-transfected cell membranes were mixed with mock- of the image allows for blind objective quantitation of
transfected membranes in varying ratios. This combined membrane axon responses. The goal of the assay is to provide a
preparation was then mixed at a constant ratio with anterior tectal quantitative measure of mapping-related axon growth
membranes. Explants from varying positions across the retinal na-
responses (see the Discussion for a more detailed con-sal-temporal axis were grown on the membrane carpets, and out-
sideration of the assay in relation to normal mappinggrowth was digitally photographed and quantitated.
(B and C) Topographically specific response of both nasal and tem- in mammals).
poral axons to tectal membranes. Retinal explants were cultured
on membrane carpets from anterior or posterior tectum. (B) shows
explants that were labeled with fluorescent vital dye and photo-
graphed. (C) shows axon outgrowth quantitation. Outgrowth was relative to nasal axon outgrowth on anterior tectal membranes,
measured as the number of pixels above background per unit length which is given a value of 1. For each outgrowth condition, n 11–14
of explant (see the Experimental Procedures) and is expressed here explants. Error bars show SEM.
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As a first test of topographic specificity in this assay,
we tested nasal and temporal retinal explants that were
cultured on anterior and posterior tectal membranes
(Figures 1B and 1C; outgrowth is expressed here relative
to maximum outgrowth in the experiment, with nasal
axons on anterior membranes given a value of 1). Tem-
poral axons showed robust growth on anterior tectal
membranes and little or no growth on posterior tectal
membranes (anterior versus posterior membranes dif-
ferent with p  0.0002; Student’s t test). This outcome
appears to be broadly consistent with stripe assay re-
sults, where temporal axons prefer anterior tectal mem-
branes when given a choice between anterior and poste-
rior stripes. However, there is one difference from those
stripe assay studies, since it was reported that temporal
axons grew equally well on anterior or posterior mem-
branes if the membranes were presented as a uniform
carpet with no choice of lanes (Walter et al., 1987). Al-
though we do not know the reason for this difference
from our results here, one possibility could be that it is
related to the use of chick retinal axons in those studies,
whereas mouse retinal axons were used here.
Nasal axons also showed a topographically specific
response to tectal membranes in the outgrowth assay.
Nasal axons showed the same preference as temporal
axons, in that they grew better on anterior than on poste-
rior membranes (Figures 1B and 1C; outgrowth on ante-
rior versus posterior membranes different with p 
0.0001). However, the responses of temporal and nasal
axons were distinct, since nasal axons grew better on
Figure 2. Response Profile of Varying Retinal Positions, on Carpets
posterior membranes than temporal axons did, demon- Containing Ephrin-A2 or Ephrin-A5
strating topographic specificity (temporal and nasal out-
The response profiles that were elicited by ephrin-A2 and -A5 are
growth different with p  0.0001). The ability of nasal different and show shapes comparable to their respective expres-
axons to discriminate between tectal positions is a cru- sion profiles in the SC. (A) Outgrowth response of retinal explants
taken from across the nasal-temporal axis of the retina and culturedcial difference from the stripe assay, where axons from
on membrane carpets containing ephrin-A5 or ephrin-A2. Outgrowththe nasal half of the retina were reported to show no
is graphed here relative to the retinal position that had maximalpreference between alternating stripes of anterior and
mean outgrowth: position 1 for ephrin-A5 and position 3 for ephrin-posterior membranes, raising the question of how axons
A2. For ephrin-A5, mouse retinas were divided into six contiguous
in the nasal half of the retina could be arrayed in a map 300 m wide explants; n 8–10 for each retinal position. For ephrin-
(Walter et al., 1987; Baier and Bonhoeffer, 1992). A2, retinas were divided into eight contiguous 225m wide explants;
n  5–8 for each retinal position. Error bars show SEM. (B) Expres-These results show that the quantitative outgrowth
sion patterns of ephrin-A5 and ephrin-A2 in mouse SC. Upper panelsassay detects axon responses that are topographically
show RNA in situ hybridization on parasagittal E18 mouse brainspecific, that is, varying with both retinal position and
sections, and lower panels show densitometric scans through thetectal position, in a manner consistent with the orienta-
SC. N, nasal; T, temporal; SC, superior colliculus; IC, inferior collicu-
tion of the map. Moreover, both temporal and nasal lus; PT, pretectum; A, anterior; P, posterior.
axons showed a distinctive response to posterior versus
anterior tectal membranes. This last observation reveals
the presence of labels that could map axons within both outgrowth responsiveness was seen across the nasal-
nasal and temporal halves of the retina. It also indicated temporal axis of the retina. Results are shown in Figure
that the assay that was developed here should be suit- 2A. The nasal extreme of the retina showed the most
able for further studies into graded responsiveness outgrowth, and the temporal extreme showed the least.
across the full retinal N-T axis. The variation of responsiveness with retinal position ap-
peared to be continuously graded, as predicted by the
chemoaffinity theory, rather than discontinuous. No po-Graded Responsiveness of Axons
across the Retinal N-T Axis sition could be found where the retina could be divided
into two distinct regions within which the response wasWe next used the outgrowth assay to test for graded
responsiveness of retinal axons to ephrin-A5 and ephrin- uniform (p 0.05 for each of the five possible divisions,
1 versus 2 through 6, 1 and 2 versus 3 through 6, andA2. A series of retinal explants were taken from multiple
contiguous positions across the N-T axis (Figure 1A). so on; see the Experimental Procedures). Thus, our re-
sults do not appear to be consistent with a two-regionThese explants were grown on substrate carpets con-
taining membranes from 293T cells that were transiently discontinuous model.
The response to ephrin-A2 also appeared to varytransfected with ephrin-A5 or -A2 cDNA.
In response to ephrin-A5, a continuous gradient of smoothly. However, in the case of ephrin-A2, the shape
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of the curve was different, showing a biphasic variation could the retina be divided to give a two-response dis-
continuous model (p  0.0001 for both the 15% andwith retinal position; outgrowth was greatest from posi-
tion 3 in the nasal half of the retina and decreased toward 50% data). However, when grown on 100% ephrin-A2,
outgrowth across the retina did not appear to be gradedboth the nasal and temporal ends of the retina (Figure
2A). As with ephrin-A5, the results do not appear to be and instead fit a two-level discontinuous model of re-
sponsiveness (p  0.0001), with outgrowth from posi-consistent with a two-region discontinuous model, since
no position could be found where the retina could be tions 1 through 4 (the nasal half) falling on a higher
plateau and positions 5 through 8 (the temporal half)divided into two distinct regions with uniform responses
(p  0.0001 for each of the seven possible divisions). showing little or no outgrowth (Figure 4C). This finding
of a sharp discontinuity between the nasal and temporalThe difference in shape of the graphs that were ob-
tained with ephrin-A5 or ephrin-A2 is intriguing in light halves of the retina at high ephrin concentration is inter-
esting, since it might help explain why previous studiesof the different expression patterns of these two ligands
(Figure 2B). As reported previously, ephrin-A5 expres- have shown a sharp nasal versus temporal discontinuity.
Ephrin-A ligands have previously been reported tosion is highest at the posterior end of the inferior collicu-
lus (IC) and declines anteriorly in a monotonic gradient be repellent or inhibitory for retinal axons. Interestingly,
however, when outgrowth was compared to back-through the IC and SC. On the other hand, ephrin-A2
shows a biphasic expression pattern, with a peak mid- ground in the outgrowth assay used here, not only nega-
tive but also positive effects were seen. In Figures 4D–way through the posterior half of the SC, declining both
anteriorly and posteriorly (Frise´n et al., 1998; Feldheim 4F, the effects of ephrin are expressed as relative
outgrowth—axon outgrowth for each ephrin concentra-et al., 2000). Thus, for both ephrin-A2 and -A5, it appears
that retinal positions that show the greatest axon out- tion divided by outgrowth of the same retinal position
on 0% added ephrin (Figure 4G). The relative outgrowthgrowth on a particular ephrin in vitro (Figure 2A) map to
the highest concentrations of that ephrin in the SC in vivo effects of ephrin-A2 varied over a wide range, from total
outgrowth inhibition (values of zero in Figures 4D–4F)(Figure 2B). This correspondence may have implications
for the mechanism of mapping and appears to be very through stimulation of outgrowth several-fold (values
greater than one in Figures 4D–4F; see also Figure 3consistent with the proposals of the chemoaffinity the-
ory, in which gradients in the projecting and target fields for photographic examples of the range of responses).
Outgrowth promotion was seen most prominently withwould be matched up (Sperry, 1963).
nasal retinal positions and lower ephrin concentrations
(Figure 4D). Conversely, inhibition was seen most promi-Topographically Specific Transition
nently with temporal axons and higher ephrin concentra-from Promotion to Inhibition
tions (Figure 4F).Next, we examined the effects of ephrin-A2 on retinal
These results demonstrate a growth-promoting effectaxon outgrowth in more detail. In this analysis, not only
of ephrin-A2 on retinal axons. Moreover, a critical aspectretinal position but also ephrin concentration was varied.
of the results is that varying either ephrin concentrationTo achieve ephrin concentrations within the range of
or retinal position can cause a topographically specificnormal tectal membrane preparations, ephrin-A2-trans-
transition from positive to negative effects. Implicationsfected 293T cell membranes were mixed with anterior
for map formation will be outlined further in the Dis-tectal membranes, so that binding of an EphA3-AP
cussion.probe to this membrane mixture would be comparable
to or slightly lower than binding to normal posterior SC
membranes. EphA3-AP binding was 14.8 nM for the Retinal Axons Exhibited Steady Outgrowth
with No Retraction Phasemixed suspension of transfected and anterior SC mem-
branes, compared with 19.3 nM for a posterior SC mem- In principle, the outgrowth effects that we observed,
particularly the positive outgrowth effect, might reflectbrane suspension. This was the highest ephrin level that
we used in our experiments and is referred to here as a transient growth phase in response to ephrin, as re-
ported for hippocampal neurons cocultured with ephrin-100% ephrin-A2 membranes. Carpets with lower ephrin
concentrations were prepared by mixing membranes transfected fibroblast monolayers (Gao et al., 1999). To
test this, a time course experiment was performed (Fig-from ephrin-A2-transfected 293T cells in varying propor-
tions with membranes from mock-transfected cells, ure 5A). The results indicate that over a period of 48 hr
(the time frame of the experiments that were describedwhile always keeping the total amount of 293T cell mem-
branes constant (see Figure 1A). For consistency, all in previous sections), in either the absence or presence
of ephrin-A2, there was no observable extension andexperiments that are described here were performed
with a single set of membrane preparations. retraction phase, and axons showed linear outgrowth
with time. After 48 hr, and continuing until the latest timeOutgrowth responses were found to vary systemati-
cally with both ephrin-A2 concentration and retinal posi- point measured, 72 hr in culture, the extent of outgrowth
reached a plateau, although it did not decline. Gao ettion. One example of photographed outgrowth re-
sponses is shown in Figure 3. Quantitation of responses al. (1999) reported that during the retraction phase in
their culture conditions the axons disintegrated, leavingaveraged over multiple retinas is shown in Figure 4, with
individual data points in the analysis representing five behind fragments that could be stained with axon-spe-
cific markers. When this was tested here in 18–72 hrto eight separate outgrowth assays. With either 15% or
50% ephrin-A2, a graded biphasic response was seen, cultures using an antibody to the axon-specific marker
GAP-43, we were not able to detect axon fragments thatwith the peak of outgrowth at retinal position 3 in both
cases (Figures 4A and 4B). In neither of these cases could have been left behind during an axon degenera-
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Figure 3. Retinal Axon Outgrowth, with Variation in Both Retinal Position and Ephrin-A2 Concentration
Representative photographs showing outgrowth from the eight contiguous explant positions (numbered 1 through 8) across the nasal-temporal
axis of the retina, grown on substrates containing different proportions of membranes from ephrin-A2 DNA-transfected and untransfected
cells. Outgrowth varies with both retinal position and ephrin concentration. Responses to ephrin-A2 membranes vary from total outgrowth
inhibition (at higher concentrations and more temporal positions) to several-fold outgrowth promotion (at lower concentrations and nasal posi-
tions).
tion phase (data not shown). The reasons for the differ- intensities are kept below saturation level). Results of
the analysis are shown in Figure 5B.ence between the study here and that of Gao et al. (1999)
are not clear but may relate to the use of hippocampal Ephrin-A2 appeared to have little or no effect on fas-
ciculation in this assay. There is a small trend in averageversus retinal axons or to the use of a coculture system
with live ephrin-expressing cells, which may over time pixel intensity with ephrin-A2 concentration. However,
this trend is actually opposite to that expected if fascicu-produce increasing amounts of ephrin or otherwise
change the culture conditions. In any case, separate lation were to artifactually account for our outgrowth
results; under conditions where outgrowth was higher,outgrowth and degeneration phases were not seen here,
and growth appeared to be linear over the time course average pixel intensity was also higher. A possible ex-
planation for this trend, based on examining images, isof our standard assay.
that when outgrowth is dense, axon pathways are more
likely to randomly cross over each other, and pixel inten-Fasciculation Does Not Account for Readout
of the Assay sity is higher at the crossing points. We therefore saw
no indication that the results of the outgrowth assayAnother process that, in principle, might complicate or
artifactually explain the results of the outgrowth assay were artifactually caused or exaggerated by axon fascic-
ulation, and on the contrary, our standard assay readoutcould be axon fasciculation. Indeed, one of the earliest
functional effects that was seen for ephrin-A5 was pro- probably gives a slight underestimate of ephrin effects
on axon outgrowth.motion of cortical axon fasciculation (Winslow et al.,
1995). If ephrin-A2 were to have a similar fasciculating
activity in our assay, this could lead to an artifactual Is Outgrowth Promotion Due
to Signaling or Adhesion?impression of outgrowth inhibition, since fasciculation
would result in fewer pixels above background being The observed transition between inhibition and promo-
tion of axon outgrowth could be explained by two alter-counted. To address this, we analyzed the distribution
of pixel intensities. If fasciculation were reducing the native mechanistic models. One possibility would be the
activation of two distinct intracellular signaling path-number of positive pixels, there should have been a
corresponding increase in pixel intensity (provided that ways, one promoting and the other inhibiting growth.
Neuron
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Figure 4. Quantitation of Retinal Axon Outgrowth Response to Ephrin-A2
Explants from across the nasal-temporal axis of the retina (numbered 1–8) were grown on substrate containing different proportions of
membranes from ephrin-A2 DNA-transfected and untransfected cells. Outgrowth was on (A and D) 15% ephrin, (B and E) 50% ephrin, (C and
F) 100% ephrin, and (G) 0% ephrin membranes. (A–C and G) Outgrowth from each position was quantitated and graphed. (D–F) Relative
outgrowth, divided by outgrowth of the same retinal position on 0% ephrin membranes; on these graphs, a value of one indicates no net
effect of ephrin-A2, higher values represent fold promotion, and zero represents complete inhibition. For each outgrowth condition, n  5–8
assays. Error bars are SEM.
An alternative model could be that outgrowth inhibition moting effect could be detected, over a broad range of
concentrations from 0.1 pM to 100 nM (Figure 6A).operates through intracellular signaling, whereas out-
growth promotion could be due to a simple adhesive Studies of ephrin-B1 and its receptor EphB1 have
demonstrated that the multimerization state can influ-effect of the Eph-ephrin interaction, since both receptor
and ligand are membrane anchored. To try to distinguish ence the nature of the cellular responses (Stein et al.,
1998). We therefore varied the multimerization state ofthese possibilities, we measured outgrowth when no
ephrin-A2 was added to the growth substrate, instead the soluble ephrin-A2-Fc to see if this would have an
effect. An anti-Fc antibody was used to precluster theadding soluble ephrin-A2 to the culture media. Using
soluble ephrin-A2 removes the membrane anchorage of ephrin-A2-Fc before it was added to the culture media
(Figures 6B and 6C). Gel filtration analysis showed thatone component, preventing simple receptor-ligand ad-
hesion. preclustering increased the molecular weight of the
ephrin-A2-Fc complexes as expected (top panels in Fig-In initial experiments, ephrin-A2 was added as a fusion
protein with a dimeric Fc tag. Inhibition was seen on ures 6A–6C). Increased clustering enhanced the inhibi-
tory effect on both nasal and temporal axons (Figuresboth temporal and nasal axons, with a much stronger
effect on temporal axons. However, no outgrowth-pro- 6B and 6C). However, no outgrowth-promoting effect
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graphically specific labels. Nevertheless, key aspects of
mapping are still not well understood. One central fea-
ture that has not been resolved is the prediction of
graded responsiveness across the projecting area. We
set out to address this question by developing a quanti-
tative in vitro axon growth assay, and the results show
that axons across the nasal-temporal axis of the retina
do display graded responsiveness to ephrins.
Our results also address another basic question in
map formation. It has long been recognized on theoreti-
cal grounds that balanced opposing forces are required
to specify position within a map. We show here that
ephrin-A2 can have not only negative but also positive
effects on retinal axon growth. Moreover, we observe a
transition from positive to negative that is concentration
dependent and topographically specific. These results
lead to a model for topographic map formation, starting
from basic receptor-ligand molecular interaction prop-
erties.
Graded Responsiveness
The retinotectal projection has been studied extensively
as an example of a smooth topographic map, where the
position of neurons across the projecting field maps
continuously onto the position of their connections in
the target. Although the prediction of graded respon-
siveness is inherently quantitative, most studies of axon
responses have been of an essentially binary nature,
comparing nasal versus temporal retina, anterior versus
posterior tectum, preference between alternating sub-
strate stripes, or the effect of overexpressing or dis-
rupting ephrin or Eph genes (Walter et al., 1987; Naka-
moto et al., 1996; Monschau et al., 1997; Frise´n et al.,
1998; Brown et al., 2000; Feldheim et al., 2000, 2004).Figure 5. In Vitro Outgrowth Assay: Time Course and Test for Fas-
Where a range of nasal-temporal retinal positions hasciculation Effects
been tested systematically in vitro, in either lane choice(A) Time course of outgrowth. Explants from nasal retina (retinal
or gradient formats of the stripe assay, far from support-position 2, solid lines) or temporal retina (retinal position 7, dashed
lines) were grown on 0% (open squares) or 15% (filled squares) ing Sperry’s graded response prediction, the published
ephrin-A2 substrate. For each time point, n  4–10 assays. Error results have found a sharp nasal versus temporal dis-
bars are SEM. Axons appear to grow steadily until reaching a plateau continuity (Walter et al., 1987; Baier and Bonhoeffer,
after more than 48 hr.
1992). In vivo, ectopically expressing a uniform level of(B) Mean pixel intensity in outgrowth assays. The mean pixel inten-
EphA3 in a subset of RGCs in the retina shifts their mapsity above background was determined for each retinal position
anteriorly (Brown et al., 2000), consistent with the ideaand ephrin substrate concentration and graphed. The trend of pixel
intensities indicates that results of the outgrowth assay cannot be of graded retinal responsiveness to either ephrins or
explained by axon fasciculation. For each outgrowth condition, n  other endogenous labels. However, graded respon-
5–8 assays. Error bars are SEM. siveness has not yet been found in experiments that
directly test retinal axon responses to ephrins.
To study this question, we developed a quantitative
was detected in any of these experiments. It remains axon outgrowth assay that allows both retinal position
possible that outgrowth promotion signaling might be and ephrin concentration to be varied systematically.
triggered by an ephrin oligomeric state that is different This outgrowth assay, unlike the stripe assay, is not a
from those present in these experiments. However, the growth cone steering assay. However, anterior-poste-
consistent finding that soluble ephrin-A2 caused only rior mapping primarily involves the regulation of the final
inhibition and no indication of promotion, when tested extent of axon growth across the tectum/SC rather than
on both nasal and temporal axons, over a broad range of growth cone steering. Moreover, ephrins are known to
concentrations and oligomerization states, seems most regulate several types of mapping-related axon growth
compatible with the model that the promoting effects response, including growth cone steering, collateral
may be due to direct receptor-ligand adhesion. branching, and extent of outgrowth (Flanagan and Van-
derhaeghen, 1998; Wilkinson, 2001). While we do not
take the output of this assay (or any other assay) asDiscussion
precisely matching the biology of normal mapping, the
system used here provides a quantitative and controlla-The chemoaffinity theory of topographic mapping is well
accepted, and a molecular basis has begun to emerge, ble test of the growth response of retinal axons to added
ephrins and displays topographic specificity.particularly with the identification of the ephrins as topo-
Neuron
724
Figure 6. Outgrowth Response of Retinal Axons to Soluble Ephrin
Retinal explants from nasal position 3 and temporal position 7 were cultured on 0% ephrin-A2 substrate carpets. Purified ephrin-A2-Fc fusion
protein, either unclustered (A), preclustered with limiting amounts of anti-Fc antibody (B), or preclustered with limiting amounts of ephrin-A2-
Fc (C), was included at different concentrations in the culture media. The upper panels show Western blot analysis of fractions from a gel
exclusion column to measure the size of unclustered and preclustered ephrin-A2-Fc complexes. Over a range of concentrations and ligand
clustering ratios, soluble ephrin-A2 caused inhibition but not promotion of outgrowth. For each outgrowth condition, n  12–14 assays. Error
bars show SEM.
Initial experiments that tested the response to tectal activity that was similar to or higher than our 100%
ephrin-A2 substrate. Whatever the reason for the dis-membranes found that both nasal and temporal axons
showed selectivity; both grew preferentially on anterior continuity in previous studies, the graded respon-
siveness that was seen here fits the predictions of themembranes, with a stronger preference being shown by
temporal axons. This finding differs from the in vitro chemoaffinity theory, as required to form a smooth topo-
graphic map.stripe assay, where axons from the entire nasal side of
the retina were reported to be unresponsive to posterior
tectal membranes. The results here can therefore pro- Differential Response to Ephrin-A2 and -A5
Our results show that the shape of the responsivenessvide a resolution to the previously puzzling question of
how axons across the nasal half of the retina are mapped curve along the N-T axis of the retina differed, depending
on whether the axons were tested with ephrin-A5 orif they are unresponsive to posterior tectal labels.
In subsequent experiments that tested responses to ephrin-A2 (Figure 2). In response to ephrin-A5, retinal
positions showed a continuous monotonic variation inephrins, our results showed that responsiveness across
the retinal N-T axis did not fit a two-step discontinuous response, from high outgrowth at the nasal extreme to
low outgrowth at the temporal extreme. On the othermodel and instead appeared to be smoothly graded. It
is not clear why previous assays detected a sharp cutoff hand, ephrin-A2 elicited a biphasic response curve, with
maximum outgrowth from axons midway across the na-between nasal and temporal axons. One possibility is a
species difference between the mouse axons that were sal half of the retina, decreasing in both nasal and tem-
poral directions. These responsiveness profiles in theused here versus the chick axons that were used in
earlier studies. In chick, normal in vivo mapping involves retina show an interesting correspondence with the ex-
pression profiles in the SC. As described previously foran initial phase with a simple nasal versus temporal
discrimination, before the full graded map develops, and mouse (Frise´n et al., 1998; Feldheim et al., 2000), ephrin-
A5 expression increases in a monotonic gradient fromthe in vitro assays might reflect this initial phase. An
alternative explanation is suggested by our finding that, the anterior to the posterior SC, whereas ephrin-A2
shows a biphasic distribution with a high point midwayat the highest ephrin-A2 concentrations that were tested
here (comparable to ephrin-A levels in posterior tectum), across the posterior half of the SC, decreasing in both
anterior and posterior directions. Thus, the retinal posi-outgrowth across the retina did not appear to be graded
and instead fit a two-step model of responsiveness, with tion that gave the highest outgrowth on each ligand
maps to the SC region with the highest concentrationa sharp cutoff between the two halves of the retina.
This result may help explain why previous studies have of that particular ligand.
In terms of the overall significance for mapping, theshown a nasal versus temporal discontinuity if, as seems
likely, those studies used a growth substrate with ephrin distinctive gradients of ephrin-A2 and ephrin-A5 could
Graded Positive and Negative Topographic Responses
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be interpreted by two models. One model could be that sion patterns initially led to the prediction that the inter-
action must be attractant (Braisted et al., 1997).ephrin-A2 plays no role in mapping the far posterior SC
and declines there simply because it is not needed. This Consistent with this prediction, in vitro assays, in vivo
overexpression, and dominant-negative experiments inmodel could be consistent with genetic studies that
observed map disruptions in the far posterior SC in Xenopus, as well as gene knockout analysis in mouse,
all concluded that ephrin-B/EphB interactions do indeedephrin-A5 but not ephrin-A2 gene-targeted mice (Frise´n
et al., 1998; Feldheim et al., 2000). On the other hand, have attractant effects (Hindges et al., 2002; Mann et
al., 2002). However, a more recent chick overexpressionthose studies would not necessarily have detected a
more subtle ephrin-A2 phenotype. An alternative model study found repellent effects, with patches of ectopic
ephrin-B1 always being avoided by retinal axonsis that ephrin-A2 may make some contribution as a re-
verse-orientation mapping gradient in the far posterior (McLaughlin et al., 2003). The observation of attraction
in some assays and repulsion in other assays led to aSC. This second model could be consistent with propos-
als by Sperry that in mammals the mapping labels are suggestion that normal mapping by ephrin-Bs might
involve a transition between attraction and repulsionnot likely to be simple orthogonal gradients and were
predicted to have a central-to-peripheral radial compo- (McLaughlin et al., 2003). However, such a transition has
not actually been observed for ephrin-Bs, and ephrin-nent (Sperry, 1963).
Regarding the molecular basis for the difference in As are still assumed to act in retinotectal position speci-
fication only by repulsion (Klein, 2001; Holmberg andresponse curves to ephrin-A2 and ephrin-A5, presum-
ably the two ligands are differentially recognized by spe- Frise´n, 2002; Yates et al., 2004).
Our initial goal in developing a quantitative assay forcific Eph receptors. This idea appears to be consistent
with genetic evidence suggesting that a preferential axon outgrowth was to test for graded responses, and
we expected that ephrin-As would only have inhibitoryfunctional relationship exists between specific ligand-
receptor pairs, such as ephrin-A5 and EphA5 (Feldheim effects on retinal axons, as reported previously. How-
ever, our results showed that ephrin-A2 could also pro-et al., 2000, 2004). Such preferential relationships could
arise from differential binding affinities, which have been mote retinal axon growth. There was no indication that
either the positive or negative responses were transient,observed among the ephrin-A ligands and EphA recep-
tors (Flanagan and Vanderhaeghen, 1998). Although with outgrowth following a similar time course at all
concentrations that were tested.binding interactions within ephrin and Eph receptor sub-
families are relatively promiscuous, preferential quanti- The positive and negative effects that were observed
here have three crucial features in relation to map speci-tative aspects of the interactions may be functionally
important, especially for a quantitative process such fication. First, they are concentration dependent, with
a transition between positive and negative dependingas mapping.
on the ephrin-A2 concentration. Second, whether the
response is positive or negative is also dependent onConcentration-Dependent Switch
retinal position. And third, the direction of these twofrom Promotion to Inhibition
dependences fits the orientation of the retinotectal map,Ephrin-As and -Bs have been shown in a number of
with appropriate topographic specificity as outlined fur-assay systems to have either repellent/inhibitory effects
ther below.or attractant/adhesive effects (Flanagan and Vander-
haeghen, 1998; Wilkinson, 2001; Holmberg and Frise´n,
2002). In some cases, positive and negative effects have Model for Mapping
Based on our results, we propose the following modelbeen seen in a single biological system. Gao et al. (1999)
observed transient growth promotion that was followed for topographic map development (Figure 8A). Axon
growth would be promoted by low ephrin-A concentra-by axon fragmentation, when hippocampal axons were
grown on ephrin-A-expressing fibroblast monolayers. tions anterior to the topographically correct position and
inhibited by higher ephrin-A concentrations posterior toThese observations suggested a potential relevance to
hippocamposeptal development, although they did not the correct position. Each axon would ultimately form
a termination zone at the neutral point between theselead to a model to specify map position, since both
positive and negative actions were highest on axons positive and negative influences. The transition point
between positive and negative effects would vary ac-from the same side of the projecting area (Gao et al.,
1999). We found no evidence that the growth-promoting cording to retinal position, occurring at higher ephrin-A
concentrations for nasal axons, which terminate posteri-effect was transient in our system, and a possible expla-
nation for the transient effect that was seen in the cocul- orly, and lower ephrin-A concentrations for temporal
axons, which terminate anteriorly. The result would beture system could be a continuing rise in expression
during long-term culture of fibroblast monolayers (un- the formation of a topographic map.
In this model, the positive and negative influencespublished data). Weinl et al. (2003) recently reported that
soluble ephrin-As can be either attractant or repellent for could act on any of a variety of axon growth properties,
including turning, extension, retraction, or branching.retinal axons, depending on the substrate upon which
the axons are growing. While very interesting as a mech- Depending on the species, different modes of growth
are known to make varying contributions; for example,anism for axon regulation, this again does not lead to any
obvious model to specify position within a topographic in teleost fish growth cone steering predominates,
whereas in mammals the axons initially overshoot alongmap (Weinl et al., 2003).
Another example is provided by the ephrin-Bs in dor- the anterior-posterior axis, form collateral branches at
the topographically correct position, and then withdrawsoventral retinotectal/retinocollicular mapping. Expres-
Neuron
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Figure 7. A Topographic Relationship for Retinal Position versus Ephrin-A2 Concentration
The graphs show experimental results from the quantitative outgrowth assay. Values greater than one represent fold promotion of growth by
ephrin-A2, values of one represent no net effect, and zero represents complete inhibition. (A) Variation of axon outgrowth with retinal position;
each color represents a different ephrin-A2 concentration. (B) Variation of axon outgrowth with ephrin-A2 concentration; each line represents
a different retinal position. (C) Graph relating retinal position to the corresponding ephrin-A2 concentration that has no net effect on axon
outgrowth (determined from the graph in [B] as concentrations that produce relative outgrowth of 1). In (B) and (C), for clarity, the graph is
limited to retinal positions 3 through 8 (see text). Given the shape and orientation of the ephrin-A2 gradient in the SC, the data produce a
topographically appropriate relationship between retinal position and ephrin-A2 concentration.
the overshooting segment. These different classes of have a role in mapping, such as RGM (Monnier et al.,
2002; Niederkofler et al., 2004) and a number of otherorganism are nevertheless thought to specify maps by
the same underlying chemoaffinity labeling mechanism, growth factors and adhesion molecules that can influ-
ence retinal axon growth. These various cues must beindependent of species-specific variations in the mode
of axon growth. integrated by the axon, and additional positive or nega-
tive factors could be incorporated into the model hereIn more detail, the model that is illustrated in Figure
8A can be related to our quantitative in vitro data as by simply adjusting the ephrin concentration that is re-
quired for the final net positive and negative forces tofollows. For each retinal position, we can determine the
ephrin-A2 concentration at which the outgrowth-pro- balance out. The analysis in Figures 7B and 7C sets the
balance point at one for the purpose of illustration, butmoting and -inhibiting effects of ephrin-A2 balance out,
which is the ephrin-A2 concentration where relative out- this set point could be shifted up or down to factor
in the contribution of other cues. It is also crucial togrowth equals one (Figure 7B). (For simplicity, Figures
7B and 7C consider only retinal positions 3 through 8. emphasize that axon-axon competition clearly plays an
important role in mapping, ensuring that axons fill theSimilar principles presumably apply to the far nasal ret-
ina, based on the reverse-oriented gradient of ephrin- target. This target-filling role for competition is sup-
ported by many experiments that have found that axonsA2 in far posterior tectum, although in vivo mapping in
this region appears to be dominated primarily by ephrin- tend to fill the available space despite a wide variety of
surgical or molecular manipulations (Prestige and Will-A5.) Values for ephrin concentrations that produce rela-
tive outgrowth of one are taken from Figure 7B and are shaw, 1975; Gierer, 1983; Goodhill and Richards, 1999;
Brown et al., 2000; Feldheim et al., 2000). The molecularthen plotted against retinal position in Figure 7C. Figure
7C thus relates each retinal position to the correspond- basis for this competition remains unknown. Ephrins
might play a direct role, but since axons still fill the targeting ephrin concentration where positive and negative
effects balance out. Moving across the retina from tem- in ephrin-A2/ephrin-A5 gene-targeted mice (Feldheim et
al., 2000), other molecular cues are likely to be involved,poral to nasal positions, this balance point moves to
steadily higher ephrin concentrations. In the context of one good candidate being BDNF (Cohen-Cory and Fra-
ser, 1995).in vivo mapping, ephrin-As are in anterior  posterior
gradients in the SC. The orientation of the graph in Figure We and others have previously proposed that map-
ping might be explained solely by a repellent gradient7C is therefore topographically appropriate and can pro-
vide a smooth relationship between retinal position and in combination with axon competition (Gierer, 1983;
Brown et al., 2000; Feldheim et al., 2000). In this repul-SC position—in other words, a topographic map.
We should emphasize that this is not intended to be sion-competition model, competition would not only en-
sure that axons fill the available space but also woulda rigid gradient-matching model that would inflexibly
pair up specific label concentrations in projecting and provide the force that counterbalances a repellent gradi-
ent of ephrins. Essentially, the model proposes that,target fields. Ephrins unquestionably act in concert with
many other cues that are present in the target and may because temporal axons are repelled from the posterior
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SC by ephrins, competition would be elevated in the
anterior SC, providing an induced gradient of forces that
would tend to drive axons in a posterior direction. While
a contribution of this mechanism definitely remains pos-
sible, there has so far been no evidence from molecular
or anatomical studies of the necessary elevated compe-
tition in the anterior SC/tectum. In addition, some evi-
dence may argue against a repulsion-competition model
being the only mechanism, since pieces of retina that
are transplanted onto the tectum appear to send axons
anteriorly or posteriorly toward their topographically ap-
propriate position in the absence of competition (Thanos
and Dutting, 1987).
Further experiments or analyses would be needed
to test whether our data can fit modified versions of
mathematical models that have been proposed pre-
viously (Gierer, 1983; Honda, 1998). Further studies would
also be required to determine to what degree the mecha-
nisms that are identified here may contribute to in vivo
mapping. They appear to be compatible with studies of
the response to gradients in vitro, which found that ax-
ons tend to stop at a defined ephrin concentration re-
gardless of the slope (Rosentreter et al., 1998). They
also appear to be compatible with in vivo perturbation
experiments in mice. Transgenic elevation of EphA re-
ceptor level in a subset of retinal ganglion cells causes
those particular cells to map more anteriorly (Brown et
al., 2000), which can be explained by an expected ante-
rior shift of the neutral point between promotion and
inhibition. Gene disruption of ephrin-A2 and ephrin-A5
causes a reduction of topographic specificity, with tem-
poral axon terminations tending to spread out posteri-
orly and nasal axons tending to spread out anteriorly
(Frise´n et al., 1998; Feldheim et al., 2000), which can be
explained by the loss of positive and negative signals Figure 8. Model to Explain Map Specification, Based on Concentra-
tion-Dependent Positive and Negative Effects of Ephrinsthat are adequate for axons to reliably find their correct
positions. These in vivo results thus appear to fit with (A) Model for mapping, based on positive and negative response
to ephrins. Axon growth within the target is promoted by low eph-the idea that maps could be specified by ephrin-As
rin-A concentrations and inhibited by higher ephrin-A concentra-through a concentration-dependent shift from positive
tions, with axons terminating at the neutral position between theseto negative effects.
positive and negative effects. Axons originating from different posi-
tions across the retina have different sensitivities to ephrin, presum-
From Molecular Interaction Properties to Maps ably due to the graded distribution of EphA receptors in the retina,
so that the neutral inflection point between positive and negativeAn interesting feature of the model that is proposed here
effects in the tectum/SC varies with retinal position. The result isis that it can explain mapping not only at the level of
the production of a smooth topographic map.cellular responses such as attraction and repulsion (Fig-
(B) Model to account for positive and negative responses, based
ure 8A) but also beginning at a more basic molecular on molecular properties of the ephrins. In this model, as ephrin
level, as a consequence of receptor-ligand interaction concentration increases (blue triangle at base), ligand density and
properties of the ephrins (Figure 8B). clustering on the cell surface increase. At low concentrations, ephrin
has a positive effect on axon growth, which may be mediated byAs illustrated in Figure 8B, we find that low ephrin
signaling or a simple adhesive interaction between surface boundconcentrations have positive effects on retinal axon out-
ligands and receptors (green line on graph). At higher concentra-growth, whereas higher concentrations have negative
tions, a negative effect on axon growth increases due to increased
effects. In principle, two types of molecular mechanism density and clustering, triggering intracellular repellent signaling (red
could explain the outgrowth-promoting effect. One line on graph). Increased ligand clustering is also known to cause
could be that the positive and negative effects are each ligand cleavage, which may facilitate the transition from positive to
negative effects, by abrogating adhesion (dotted green line). Themediated by alternative intracellular signaling pathways.
overall effect of these positive and negative molecular influencesEphrins are known to regulate integrin-based adhesion
would be a concentration-dependent transition from net positive to(reviewed by Klein, 2001) and cytoskeletal dynamics
net negative effects on axon outgrowth. N, nasal; T, temporal; A,
(Marston et al., 2003), potentially providing signaling anterior; P, posterior.
pathways that could either inhibit or promote axon out-
growth. Our results provided no support for this model,
since only negative and no positive effects were detect- brane bound ephrins could trigger a signal qualitatively
different from soluble clustered ephrins, and it remainsable when we used soluble ephrin-A2 over a broad range
of concentrations and clustering states. However, mem- very possible that intracellular signaling pathways could
Neuron
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contribute to the growth-promoting effects of ephrin- parallel with repellent intracellular signaling, as the den-
As on retinal axons. sity of ligand/receptor complexes increases (dashed
A second type of mechanism would be for the positive green line on graph in Figure 8B). Our previous proposals
effects to be mediated by simple receptor-ligand adhe- for the role of cleavage in repulsion (Hattori et al., 2000)
sion without necessarily requiring active signal trans- can thus be extended in the context of the model here
duction. This proposal appears to be consistent with by proposing that density-dependent cleavage could
our observations here and with previously reported facilitate the switch from positive to negative effects
properties of ephrin-As. As initially shown by Frise´n and (Figure 8B).
colleagues, even when kinase signaling is precluded
by truncation of the intracellular domain, the binding Conclusions
interaction of ephrin-As and EphA receptors can medi- The results here show that ephrin-As have properties
ate cell-cell adhesion (Holmberg et al., 2000). In the that can account for features of topographic mapping
context of our mapping model, at low concentrations, that have remained unexplained: graded responsive-
adhesive interactions between ligand and receptor ness and a concentration-dependent switch from posi-
would predominate (left side of Figure 8B). At higher tive to negative effects. While our study focused on
concentrations, inhibitory intracellular signaling is pro- ephrin-As, similar principles may also operate for ephrin-
posed to rise rapidly and predominate (right side of Bs, potentially providing a unified model for label action
Figure 8B). This proposal of a strong concentration de- in mapping.
pendence of repellent signaling is also based on known The results here may also be relevant to other biologi-
properties of the ephrins. Many studies have shown that cal systems that are regulated by ephrins. More gener-
ephrin signaling is strongly dependent on density and ally, gradients are widely used to specify position in
oligomerization, with monomers being incapable of acti- biology (Osterfield et al., 2003). Beyond topographic
vating receptor kinase activity, dimers being weakly ac- mapping, there are other examples where axons are
tive in some cases, and higher-order clustering causing guided to a range of defined positions within a gradient,
strong activation (Klein, 2001; Holmberg and Frise´n, such as the lateral positioning of axon fascicles at differ-
2002). It is likely, although not directly shown by our ent distances from the midline in Drosophila (reviewed
data, that the dependence on retinal position that was by Yu and Bargmann, 2001). The mechanisms that are
seen in our experiments also reflects a dependence identified here, which involve a concentration-depen-
on concentration, since retinal Eph receptors are in an dent switch from positive to negative responses, may
overall temporal  nasal gradient. The output of the be applicable in other cases to provide a general princi-
axon guidance function would therefore be dependent ple to explain how cell or axon migration can be directed
symmetrically on both ligand concentration and recep- to a specific location within a gradient.
tor concentration.
Our results here can be integrated into an extension Experimental Procedures
of the mass-action model, which we proposed pre-
Quantitative Axon Outgrowth Assayviously as a simple model with the explicit expectation
Membrane vesicle suspensions were prepared as for the stripethat higher-order equations could be incorporated (Na-
assay (Walter et al., 1987). Tectal substrates were from anterior orkamoto et al., 1996). If adhesion (or signaling for growth
posterior fifths of E10 chick tecta. Ephrin-A2 and ephrin-A5 sub-promotion) is dependent on simple ligand-receptor
strates consisted of 70%, by volume, membrane vesicles from ante-
binding, this could minimally be described by a simple rior chick tecta to provide a permissive substrate and 30% mem-
second-order mass-action equation, [RL]KD  [R][L], brane vesicles from a combination of mock-transfected 293T cells
producing a linear slope (solid green line on graph in and/or 293T cells that were transiently transfected with either the
ephrin-A2 expression plasmid pMepa2-3 or the ephrin-A5 expres-Figure 8B). On the other hand, since inhibitory intracellu-
sion plasmid pMepa5-3 (Feldheim et al., 1998). The ephrin concen-lar signaling is dependent on ligand clustering, it could
tration in a membrane substrate is expressed as the ratio of ephrin-be described by a higher-order equation, [RnLm]KD 
transfected 293T cell membranes to total 293T cell membranes in[R]n[L]m, where n and m would reflect the stoichiometry
the preparation.
of receptor and ligand molecules in active signaling Membrane carpets were prepared by applying 150 l membrane
complexes. This would produce a nonlinear plot with a suspension to the nylon window of a stripe assay matrix system
sharp increase at higher concentrations (red line on (Walter et al., 1987) to produce uniform carpets rather than stripes.
Retinas were dissected from E16 mouse embryos, flat mounted ongraph in Figure 8B). The sharpness of the inhibitory
nitrocellulose filters, and cut into six 300 m wide strips (for ephrin-signaling curve could be further enhanced by coopera-
A5 studies) or eight 225 m wide strips (for ephrin-A2 studies),tivity or feedback mechanisms. Combining these two
parallel to the retinal dorsoventral axis. Explants were cultured 48graphs would result in a net transition from positive to
hr on membrane carpets as described (Feldheim et al., 1998). Axons
negative effects (Figure 8B), as we observed experimen- were then stained with vital dye carboxyfluorescein diacetate and
tally. succinimidyl ester and digitally photographed under FITC illumina-
Ligand cleavage is another known property of the tion using a 5 objective on an upright Zeiss Axioplan 2 fluorescent
microscope with a 12 bit Hamamatsu ORCA B&W camera and Open-ephrin-As that may contribute to the model. The interac-
Lab 3 software.tion of ephrin-A2 with its receptors is known to trigger
ligand cleavage, facilitating axon deadhesion and with-
Image and Statistical Analysisdrawal by breaking the connection between the surface
Images were analyzed using the NIH Image v1.62 program. Out-
bound ligand and receptor. Importantly, this ligand growth was determined blind to retinal position and ephrin concen-
cleavage was seen only with clustering (Hattori et al., tration. After drawing a boundary around the explant, which was
2000). It therefore appears to fit well with the model excluded from the analysis, axon outgrowth was measured as the
number of pixels of axon fluorescence above background, per unitthat is proposed here. Cleavage would be activated in
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length (mm) of the explant. For the time course analysis, radial labels in a sensory projection to the forebrain. Neuron 21, 1303–
1313.outgrowth distances were measured perpendicularly from the edge
of the retinal explant to the perimeter of axon outgrowth using Open- Feldheim, D.A., Kim, Y.I., Bergemann, A.D., Frise´n, J., Barbacid, M.,
Lab 3 software, and a mean radial outgrowth distance was calcu- and Flanagan, J.G. (2000). Genetic analysis of ephrin-A2 and ephrin-
lated for each culture. A5 shows their requirement in multiple aspects of retinocollicular
To test whether the effect of retinal position could be discontinu- mapping. Neuron 25, 563–574.
ous, statistical analyses were done by SAS’s mixed procedure, Feldheim, D.A., Nakamoto, M., Osterfield, M., Gale, N.W., DeChiara,
which formally accounts for missing data and multiple measure- T.M., Rohatgi, R., Yancopoulos, G.D., and Flanagan, J.G. (2004).
ments made on the same eye. The Akaike Information Criterion Loss-of-function analysis of EphA receptors in retinotectal mapping.
points to an autoregressive (AR) covariance structure for measure- J. Neurosci. 24, 2542–2550.
ments made on the same eye. To test the hypothesis that there is
Flanagan, J.G., and Vanderhaeghen, P. (1998). The ephrins and Ephsome point at which the retina could be divided discontinuously
receptors in neural development. Annu. Rev. Neurosci. 21, 309–345.into two regions within which the response is constant, uniformity
Frise´n, J., Yates, P.A., McLaughlin, T., Friedman, G.C., O’Leary,within all possible splits was tested (1 versus 2 through 8, 1 and 2
D.D.M., and Barbacid, M. (1998). Ephrin-A5 (AL-1/RAGS) is essentialversus 3 through 8, etc.). In each case, for the ephrin-A5 data, p 
for proper retinal axon guidance and topographic mapping in the0.05, and for the ephrin-A2 15% and 50% data, p 0.0001; therefore,
mammalian visual system. Neuron 20, 235–243.the hypothesis is rejected, and the data do not appear to fit a
discontinuous two-region model. For the ephrin-A2 100% data, Gao, P.P., Yue, Y., Cerretti, D.P., Dreyfus, C., and Zhou, R. (1999).
when the retina is divided into positions 1 through 4 and 5 through Ephrin-dependent growth and pruning of hippocampal axons. Proc.
8, the two sections do fit a two-plateau model (p for continuity  Natl. Acad. Sci. USA 96, 4073–4077.
0.0001; p for two steps  0.1983). The control (0%) data show no Gierer, A. (1983). Model for the retino-tectal projection. Proc. R. Soc.
effects, that is, are within statistical variability of a flat response. Lond. B Biol. Sci. 218, 77–93.
Goodhill, G.J., and Richards, L.J. (1999). Retinotectal maps: mole-
Soluble Ephrin Outgrowth Assays cules, models and misplaced data. Trends Neurosci. 22, 529–534.
Explants were grown on 0% ephrin-A2 substrate carpets that were
Hattori, M., Osterfield, M., and Flanagan, J.G. (2000). Regulatedprepared as above. Nasal explants were position 3, and temporal
cleavage of a contact-mediated axon repellent. Science 289, 1360–explants were position 7. Ephrin-A2-Fc was collected from tran-
1365.siently transfected 293T culture supernatants by binding to protein
Hindges, R., McLaughlin, T., Genoud, N., Henkemeyer, M., andA Sepharose (Pharmacia). Polyclonal anti-human Fc (Jackson Im-
O’Leary, D.D. (2002). EphB forward signaling controls directionalmunoResearch) was used to cluster the ephrin-A2-Fc in PBS on ice
branch extension and arborization required for dorsal-ventral retino-for 90 min, before being added to the culture media. The anti-Fc-
topic mapping. Neuron 35, 475–487.limiting clustering reaction used a 10:1 mass ratio of ephrin-A2-Fc to
Holmberg, J., and Frise´n, J. (2002). Ephrins are not only unattractive.anti-Fc antibody, while the ephrin-limiting clustering reaction used a
Trends Neurosci. 25, 239–243.1:10 ratio. After 48 hr, axons were photographed and analyzed as
described above. Holmberg, J., Clarke, D.L., and Frise´n, J. (2000). Regulation of repul-
sion versus adhesion by different splice forms of an Eph receptor.
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